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Traditionally, the development of virtual environments has been limited to particular technologies and the associated constraints on environment definition and interaction. However, with advances in both graphics hardware/software and the availability of new input/output devices, many of the restrictions on virtual environment development have been removed [10] . Rendering rates are now reaching acceptable levels on desktop machines, new interaction technologies are being enabled, both through physical devices e.g. Spaceballs and 3D position trackers, and logical metaphors e.g. cursor based flying [5] , and high-level application programming interfaces, i.e. via toolkits like Manchester University's MAVERIK [6] , are being used in the virtual environment development process. As these technologies mature and become adopted in a wider range of applications, there is a need to understand how this technology can be accommodated in software engineering practice.
Unfortunately, it is difficult to find reports that detail the process used to develop virtual environments, but given the maturity of the technology it would seem reasonable to suggest that prototyping and exploratory development play a significant role. Smith and Duke [11] observe that it is common for designers to move directly to working prototypes and use toolkit based development environments to test-bed ideas and customise the design and implementation of the virtual environment "on-thefly". However, if or when the technology of virtual environments becomes adopted in mainstream software systems and products, exploratory approaches become rather less attractive. Software developers must be concerned with making use of the most appropriate technology in a way that meets the requirements of the client, including quality criteria such as usability, robustness, maintainability, error-tolerance, etc [12] . The designer's concern is not so much with the physical devices such as headsets and data gloves that have come to characterise virtual environments, but rather with addressing the highly interactive and dynamic nature of user-system interaction that this technology supports.
One ideal of virtual environment applications is to provide an environment where the user can interact freely with a 3D space and the entities within it. Virtual environments attempt to build on latent human knowledge by providing cues that reuse appropriate representations. The problem is that our mental representations come with other expectations as to how the environment may behave, expectations that are not necessarily met by a virtual environment. The technology to provide a level of realism close to a real world experience, somewhat akin to Star Trek: The Next Generation's£ ¥ ¤ [8] vision of a "holodeck", is currently in the realms of science fiction. To reproduce a real environment in every aspect would demand incredible computational and graphics performance [4] . It is likely to be some time before this level of performance becomes available.
However, a step towards this goal is in reducing the limitations that are imposed by the humanmachine interface. This is an issue that has been extensively studied in the domain of human computer ¦ This work was supported in part by the UK EPSRC INQUISITIVE project, Grant GR/L53199. interaction (HCI). There is a point at which computer technology is so immersed in the environment in which it is contained that a characterisation of it is that it should be invisible (see for example [7] ). The technology should not intrude upon the work of the human in the system, there is no sense in which the technology is "clunky" or "gauche". Failure to achieve this invisibility is evidenced by remarks from airline pilots "I used to be able to fly, now I can type at 60 words per minute". In many ways the study of user centered design has focussed on these sorts of system [7] , but virtual environments are a new class of system that provide an alternative view of the technology under design. Virtual environment development presents a different set of challenges for designers. Instead of melting into the background these systems are designed to modify the user's environment to provide an altered context in which work or play is carried out.
Virtual environments are designed to immerse users in a new environment for a number of purposes: to train them to use the real system that is emulated or created by the environment, for example flight deck simulators as training systems; to help users explore the implications of an alternative world, as are provided by many games systems; or to provide the illusion of a world in which technology has simplified or modified the user's perception of the reality. In this third category, recent successes have included the use of virtual environment techniques to support surgeons as they perform remote "key hole" procedures.
The question that this special issue implicitly raises is whether the development of virtual environments is an intrinsically different process to that of any other kind of interactive system.
When we design an "embedded" system, we embed it in context and we evaluate whether the system satisfies usability criteria in that context. If we analyse a virtual environment we create a context and at some level, depending on how immersive we intend the system to be, we evaluate whether the system effectively creates a natural context of the kind that we want. The extent to which a natural context occurs depends on a number of factors:
The extent to which what is perceived relates to the world that is being created and how intrusive, whether required or not, the real world is to this interaction with the virtual environment.
The extent of the naturalness of the interaction with the world in terms of the interaction technologies used. Have the interaction techniques that have been developed with these technologies provided the appropriate sense of engagement of and manipulation with the environment?
These are characteristics that have to be dealt with differently in virtual environments. Embedded systems rely on standard interaction techniques and metaphors and rely on the user's familiarity with these techniques. Interaction technologies must be tailored to be appropriate to the world that is to be created by the virtual environment. The papers in this collection reflect three key stages in the user centered development of virtual environments and begin to address some of the differences. These three stages are:
1. requirements elicitation and definition; 2. prototyping systems for the purpose of interface evaluation; 3. formative and summative techniques for the evaluation of prototypes and products.
These stages are mutually iterative and sometimes it is difficult to identify where one stage ends and another begins. However, the main point is that aspects of these stages must appear in the design and implementation of interactive systems.
The first paper by Scaife and Rogers addresses the development of requirements for the design of an interactive system. It has become normal in embedded interactive system development to analyse requirements for the system by representing the work that a user has to do with the system using tasks or scenarios, and to consider non functional requirements of the system in terms of usability or learnability of the system. Their paper is concerned with the whole process of designing virtual environments and in some sense establishes an agenda for other papers in the field. They propose to explore how a contextual design approach may be adapted and utilised in the context of virtual environments. The method involves a number of stages concerned with how theory building and analysis of applications, exploratory and experimental studies, prototyping and user studies may be used to inform the design. Their discussion is in the context of designing a virtual theatre for young children to support learning through playing. Scaife and Rogers argue that most of the focus of research into the question of: "how should users interact with the technology of virtual environments" has been in investigating technical and ergonomic aspects of developing virtual environment applications. Their question is how can "participatory design" be tailored to the particular needs of virtual environments. They argue that these general methods must be combined with specific questions to do with the particular properties of the media being implemented and the problems of integrating multimedia representations.
Scaife and Rogers' paper provides an overview of the approach and illustrates its potential by showing how it is used to inform and guide the design of the specific application. The design methodology involves the following five stages:
1. Operationalising high level requirements that may be based on theory, technological possibilities or existing knowledge of the application.
2. This process may raise specific research questions that will lead to exploratory studies or design based on contextual inquiry.
3. Design implications of the first stage will be prototyped initially by using quick prototypes on available technology or paper prototypes.
4. These prototypes will be used as a basis for formative user testing through constructive interaction with users. As a result of this, further analysis of the possibilities for technology choice will be carried out with consequent further design implications.
5. Further conceptual modelling of the virtual environment will then precede implementation and final evaluation.
The aim is to elicit as much operational knowledge about the design as early as possible before costly decisions have been made and need undoing. They illustrate their design process through the PUPPET project. Here requirements that were operationalised were concerned with the value of virtual environments for children, exploring in particular the immersive properties of similar systems such as computer based games. Theories were based on Scaife and Rogers' notions of "external cognition". Further questions regarded what roles children play in relation to physical toys or virtual characters. Early prototyping used physical artefacts that bore relation to virtual objects that were to be used in the eventual system.
In the second paper, Willans and Harrison describe an approach for the second key stage of user centered development of virtual environment, i.e. prototyping for the purpose of interface evaluation. Due to the difficulties in defining accurate requirements for virtual environments, rapid prototyping (and exploratory) approaches are common. However, prototyping can be an expensive exercise if it forces premature design/implementation decisions as would occur, for example, in the selection of enabling technology for virtual interaction. Willans and Harrison investigate how interaction in virtual environments can be simulated to inform design decisions. Part of this process is the ability to provide designers with methods (and tools to support the methods) by which interaction techniques can be systematically designed, tested and refined.
They begin by identifying that interaction problems are not unique to virtual environments and outline a common design approach for interactive systems that is based on Statecharts [3] and supported by Statemate [2] . However, they suggest that there are a number of limitations to such an approach when applied to the design of virtual environment interaction:
1. The richness of behaviour that needs to be modelled for virtual environments.
2. The individual nature of the renderings for virtual environment applications.
3. The difficulties of testing virtual environment prototypes in terms of capability and usability.
To combat these issues they present a toolset to support a process of systematically designing, testing and refining interaction techniques. The Marigold toolset has been developed to integrate abstract modelling into the development of virtual environment dynamics. Abstract models are constructed using the Flownet modelling formalism [9] which builds on the philosophy that the dynamics of virtual environments are a hybrid of continuous and discrete components. The toolset supports two important facets of system development. Firstly, it provides a means of automatically verifying the abstract model for desirable properties. Secondly, it supports a transition between the abstract model and an implementation prototype of the model [13] . This allows a designer to verify an interaction technique against its requirements both in a specification and an informal prototype.
The final paper in this volume, by Neale and Nichols, is concerned with the evaluation of virtual environments and follows on from the refinement of a system prototype. Neale and Nichols need a prototype that is sufficiently well developed to ask quite detailed questions. They provide a review of evaluation methods and propose a method that is based on questionnaire and free format comment. Theme Based Content Analysis is a qualitative method that provides detailed information about user options or behaviour and can also provide general indications of results in the user population by the grouping of data into meaning categories. Their aim is to assess user opinion to provide systematic summaries of their comments.
They argue that the immaturity of virtual environment technology makes it difficult for evaluators to determine precisely what data they want to capture. The elements of their method are: data collection. data collation. theme definition and classification.
higher order theme selection. presentation of a classification matrix.
In this way recurrent themes in user comments can be identified and related back to the design of the prototype for further refinement. Also due to the non-prescriptive nature of their method, new problems and experiences can be noted throughout the evaluation process. They provide two brief descriptions of case studies to illustrate how their method works.
In a sense Scaife and Rogers' paper elaborates a method that contains all the processes that you might expect in the design and evaluation of a virtual environment. Rarely in practice does it appear to be cost effective to go through the whole process, though Beyer and Holtzblatt [1] would argue that attempted economies are actually illusory because design is so viscous as to reward as much upstream evaluation and analysis as is possible. The other two papers take two fragments of this process and explore methods that can be both fruitful and easily applied. While Willans and Harrison are concerned with certain aspects of the prototyping of virtual environments, Neale and Nichols are concerned with evaluation. Both papers deal with issues that would be downstream of Scaife and Rogers' envisaged process and are aimed at making changes less viscous at this stage.
As virtual environment technology and the environments they support become more integrated into mainstream software systems, the approaches and issues raised in the papers contained in this volume will be increasingly important. For most computer systems, usability satisfaction with real users is a benchmark of success. Given the highly integrated context of virtual environments and their users, such user centered approaches will become required criterion if virtual environments are to meet expected usability standards.
